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FIG. 2a
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FIG. 2b
Hall A
Hall B
Hall C

Phase A /
Phase B /

Phase C \




US 9,312,798 B2

Sheet 4 of 12

Apr. 12,2016

U.S. Patent

-0d

0

e

+3d

JsNiQ

AN
ONMd (\\
LMd —
Y ERTIE
1EXX4810Id
Cmd N\
d0lS
M NNY
SMd quu
/ \UI
\ oge—"
¢0¢
€ 9ld



U.S. Patent Apr. 12,2016 Sheet 5 of 12 US 9,312,798 B2

FIG. 4
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FIG. 6 (800
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FIG. 7 (700
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FIG. 8 (800

Drive Motor via motor circuit 300 by commutating stator
windings using Hall effect sensors
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FIG. 9
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FIG. 10 (1000

Drive Motor via motor circuit 300 by commutating stator
windings using Hall effect sensors
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FIG. 11

r"I'IOO

Commutating the electric motor based on signals from one or
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SENSOR COMMUATED ELECTRIC MOTOR
WITH SENSORLESS ANGULAR POSITION
DETERMINATION AND METHOD

FIELD OF THE INVENTION

Embodiments of the subject matter disclosed herein gen-
erally relate to methods and motors and, more particularly, to
mechanisms and techniques that use sensors for commutating
a motor and use back electro-magnetic force (emf) for deter-
mining a rotational position of a rotor of the motor.

DISCUSSION OF THE BACKGROUND

The increased drilling of directional oil wells requires that
information related to bit orientation during drilling as well as
data relating to the type of geological formation then being
drilled be continuously transmitted to surface so that correc-
tions can be made to the drill bit’s orientation so as to guide
the wellbore in the desired direction, and receive information
as to the geologic formation being encountered.

When performing directional drilling, a measurement-
while-drilling (MWD) mud pulser is commonly used to trans-
mit such variety of measurements obtained downhole to the
surface for processing. These measurements are transmitted
as mud pulses, referred to as mud pulse telemetry. The mud
pulser operates by modulating, downhole, pressure of the
drilling fluid or ‘mud’ which is being pumped down the hol-
low drill pipe, in order to thereby transmit to surface, through
the modulated pressure variations in the drilling mud, infor-
mation relating to bit orientation and geologic formation.

Many designs of mud-pulsers have been used downhole,
with varying success. One example of a direct current (DC)
motor-operated mud-pulser uses a reversible electric motor
together with Hall effect shaft sensors. The Hall effect sen-
sors, mounted on the motor’s stator, determine a position of
the rotor relative to the stator and how (and when) to effec-
tively commutate the motor (i.e., govern the respective ener-
gization of the respective stator windings of the DC motor so
as to govern rotation of the DC motor). However, such Hall
effect sensors are used not only for motor commutation, but
are further used for sensing rotor revolutions and with revo-
Iution-counting circuitry are used for determining pilot valve
position, in order to modulate the control valve and thus mud
pulses being transmitted to surface.

Another design of mud-pulser has a brushless electric
motor with a rotary-linear conversion system for governing a
position of a pilot valve. However, this design does not have
any rotor position sensor, such as Hall effect sensors, for
commutation of the electric motor. This mud-pulser uses back
emf voltages of the electric motor to both (i) commutate the
electric motor, and (ii) further determine rotor position and
number of revolutions, and thereby determine valve position.
In such manner, the need for Hall effect sensors is avoided.
Thus, a method for operating such electric motor uses the
back emf to determine rotor position and involves keeping a
count of phase transitions in a given motor direction, as a
means of determining a position of a pilot valve relative to the
completely opened position or completely closed position.

Where back emf is used to commutate a motor, the motor
need to be turning at a minimum rate to generate sufficient
back emf'to be sensed. With sensorless commutation, at com-
mencement of motor operation and when low motor rotations
per minute (RPM), the back emf of the motor is low, which
may result in less than perfect motor commutation.
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Accordingly, there is a need to commutate an electrical
motor with high precision and also to determine an angular
position of the rotor of the motor.

SUMMARY OF THE INVENTION

According to an exemplary embodiment, there is an elec-
tric motor assembly that uses sensors for commutation and
back emf voltage to determine an angular position. The elec-
tric motor assembly includes an electric motor having a rotor
and a stator that includes one or more windings; one or more
sensors on to the stator and configured to determine an angu-
lar position of the rotor; and a motor control circuitry electri-
cally connected to the electric motor and to the one or more
sensors and configured to control a commutation of the elec-
tric motor based on signals received from the one or more
sensors. The motor control circuitry is configured to deter-
mine a total angular rotation of the rotor based on a back emf
voltage of the one or more windings and independent of the
signals from the one or more sensors.

According to another exemplary embodiment, there is a
mud pulser configured to transmit data from inside of a well
to a surface of the well through pressure waves generated in a
fluid column that flows inside the well. The mud pulser
includes a housing configured to be supported by a wall of the
well; an electric motor located in a motor cavity of the hous-
ing and having a rotor and a stator that includes one or more
windings; one or more sensors on the stator and configured to
determine an angular position of the rotor; a pilot valve con-
nected to the electric motor and configured to move in a pilot
valve chamber for closing and opening a valve orifice for
generating pressure signals that propagate through the fluid
column to the surface; and a motor control circuitry electri-
cally connected to the electric motor and the one or more
sensors, and configured to control a commutation of the elec-
tric motor based on signals received from the one or more
sensors. The motor control circuitry is configured to deter-
mine a total angular rotation of the rotor based on a back emf
voltage of the one or more windings and independent of the
signals from the one or more sensors.

According to still another exemplary embodiment, there is
a method for controlling an electric motor. The method
includes a step of commutating the electric motor based on
signals from one or more sensors attached to a stator of the
electric motor; and a step of determining with a motor control
circuitry, electrically connected to the electric motor, a total
angular rotation of a rotor of the electric motor, based on a
back emf voltage of one or more windings of the stator and
independent of the signals from the one or more sensors.

In yet a further aspect of the present invention, an exem-
plary embodiment may comprise a computer readable
medium, such as an EPROM chip, ASIC, UECM IC, or flash
memory or the like having encoded thereon instructions such
as machine-readable code, for instructing a controller within
the motor control circuitry to perform any one of the methods
described above.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings, which illustrate one or
more exemplary embodiments and are not to be construed as
limiting the invention to these depicted embodiments:

FIG. 1 is a side sectional view of a mud pulser according to
an exemplary embodiment;

FIG. 2(a) shows graphs of Hall effect sensor output, back
emf voltages, and phase current for a motor according to an
exemplary embodiment;
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FIG. 2(b) shows enlarged graphs of Hall effect sensor
output and phase current for another electric motor according
to an exemplary embodiment;

FIG. 3 is a schematic diagram showing a motor control
circuitry using Hall effect sensors for commutation and back
emf voltage for angular position according to an exemplary
embodiment;

FIG. 4 is a schematic diagram showing a winding energi-
zation sequence of an electric motor;

FIG. 5 is a flow chart illustrating the manner of using Hall
effect sensors to commutate motor windings according to an
exemplary embodiment;

FIG. 6 is a flow chart illustrating a method for using back
emf voltage to determine an angular position of a rotor
according to an exemplary embodiment;

FIG. 7 is a flow chart illustrating another method for using
back emf voltage to determine an angular position of a rotor
according to an exemplary embodiment;

FIG. 8 is a flow chart illustrating still another method for
using back emf voltage to determine an angular position of a
rotor according to an exemplary embodiment;

FIG. 9 is a schematic depiction of an operational amplifier
to determine back emf voltage according to an exemplary
embodiment;

FIG. 10 is a flow chart illustrating a method for determining
a total angular rotation of a rotor according to an exemplary
embodiment; and

FIG. 11 is a flow chart of a method of operating an electric
motor according to an exemplary embodiment.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

The following description of the exemplary embodiments
refers to the accompanying drawings. The same reference
numbers in different drawings identify the same or similar
elements. The following detailed description does not limit
the invention. Instead, the scope of the invention is defined by
the appended claims. The following embodiments are dis-
cussed, for simplicity, with regard to the terminology and
structure of a brushless direct current (BLDC) electrical
motor connected to a pilot valve in a mud pulse. However, the
embodiments to be discussed next are not limited to the
BLDC motor or to the pilot valve but may be applied to other
DC motors connected to other components.

Reference throughout the specification to “one embodi-
ment” or “an embodiment” means that a particular feature,
structure or characteristic described in connection with an
embodiment is included in at least one embodiment of the
subject matter disclosed. Thus, the appearance of the phrases
“in one embodiment” or “in an embodiment” in various
places throughout the specification is not necessarily refer-
ring to the same embodiment. Further, the particular features,
structures or characteristics may be combined in any suitable
manner in one or more embodiments.

According to an exemplary embodiment, a novel hybrid
design for a BLDC motor uses Hall effect sensors solely and
limited to the purpose of commutating the BLDC motor, and
thus has good motor commutation at all motor speeds, even at
a start-up of the motor. However, the BLDC motor uses back
emf voltages for the purpose of determining a pilot valve
position, where the pilot valve is configured to linearly move
along a predetermined direction when a rotor of the motor is
turned. A method of using back emf voltages to determine a
rotor position of the motor may use (i) phase transitions in the
back emf voltages as disclosed, for example, in CA 2,738,
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271, or (ii) motor voltage, overall current and average wind-
ing resistance to calculate back emf voltages.

The later method may integrate the determined back emf
voltage (after first multiplying it by a constant) as discussed
later to determine the amount of total angular rotation d over
a given period (and thus correspondingly determine the
amount of pilot valve movement from a known starting posi-
tion). The back emf may be calculated rather than merely
being measured at a given time. For example, by knowing the
motor voltage V, the current 1, I, or I supplied to a particular
energized winding A, B, or C, and using the particular
(known) winding resistance R, the back emf'voltage may then
be calculated using Ohm’s law and the formula:

back emf=V,

across battery™

(Iwinding a, b, or c'Rwinding a, b, or c)'

Alternatively, the back emf may be sensed across a single
winding of the rotor, during a time when no energization is
being supplied to such rotor winding, in order to determine
the instantaneous back emf of the motor. For example, for a
rotor having three rotor windings A, B, and C, when energi-
zation is supplied to two rotor windings thereof (for example
rotor windings A and B during commutation of the motor),
one rotor winding is left de-energized (e.g., only two rotor
windings are energized at one time during rotor rotation). For
this example, if rotor windings A and B are energized, the
remaining rotor winding C may be used to measure the back
emf of the motor.

According to another exemplary embodiment, the back
emf is calculated based on the overall current supplied to the
motor and based on the average resistance of the windings.
More specifically, the overall current supplied to the motor is
measured and the average resistance to the windings is
known, for example, from previous measurements. Then, the
measured overall current is multiplied with the average resis-
tance of the windings and this product is subtracted from an
overall voltage supplied to the motor to determine the back
emf. In this way, the above-noted process may be applied to
any type of DC motor, independent of the number of windings
or the type of commutation. It is noted that in one application,
the DC motor has two wires through which the overall voltage
is supplied to the motor. Thus, for this application, the overall
current going through the wires and the overall current across
the wires are measured and used to determine the back emf. It
is noted that for this method there is no need to have commu-
tation information.

Regardless as to which approach is used to determine the
back emf voltage, the back-emf voltage is proportional to the
motor shaft speed w related by a known constant k (i.e., back
emf=kxm). Such a constant k may be determined by measur-
ing the motor shaft speed when the motor runs unloaded on a
known supply voltage V. The winding resistance R of the
stator windings may be measured with the motor stalled.
Thus, the back emf at any given time is obtainable by mea-
suring the voltage V supplied to the motor and subtracting the
product of the the current I and the stator winding resistance
R as noted above. The amount of angular rotation of the motor
over time is equal to the time-integral of the angular speed of
the motor rotor.

Knowing the above, and considering that the rotor speed w
of the motor is equal to the angular rotation change d6 over
time dt (i.e., w=d0/dt), by integrating both sides of the rela-
tionship d6=wdt and substituting for the proportional rela-
tionship w=k-[V-(I'R)], produces the formula:

current rotor angular rotation 6=fk-/V~(I-R)]dr.

The above formula may be used to determine, through
integration, the amount of angular rotation of the motor from
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sensed back emf values, or from sensed values of V and I for
a particular stator winding, or by sensing the overall current
and the overall voltage to the motor, with parameters k and R
being previously known/measured. Such a motor having cir-
cuitry to determine the angular position of the rotor may be
used in various fields. One example is a mud pulser in which
the rotational motion of the rotor of the motor is used to
linearly displace a pilot valve for sending information
through the mud column. Those skilled in the art would
realize that the motor may be used in other environments for
modulating a fluid flow, for example, to transmit data of for
completely other purposes.

However, for simplicity, in the following, the exemplary
embodiments are described with regard to a mud pulser hav-
ing a BLDC motor that is configured to control a pilot valve
which controls a main restrictor valve. The pilot valve may be
a “poppet and orifice” type pilot valve, and the BLDC motor
is connected to a rotary-to-linear converter that is mechani-
cally coupled to the “poppet and orifice” type valve to thereby
enable linear reciprocation of the “poppet and orifice” type
valve to allow opening and closing of a port through which a
fluid flows. This motion of the valve allows control of a main
restrictor valve of the pulser and, thus, a pulse modulation of
a pressure wave which results from the opening and closing
(or partial opening or closing) of such main restrictor valve.
Alternatively, the pilot valve may be a rotary valve, which
valve is rotated by virtue of being mechanically coupled,
through reduction gearing or otherwise, to the BLDC motor.

Details of the BLDC motor, valves, and mud pulser are now
discussed with reference to the figures. In an exemplary
embodiment, FIG. 1 shows amud pulser 10 deployed ina drill
pipe bottom hole assembly (hereinafter referred to simply as
the “drill pipe”) 19. The mud pulser 10 includes a main
housing 1 retrievably located on fins 21 provided in the drill
pipe 19. The connection with the drill pipe 19 may also
include a mule shoe arrangement to ensure rotational align-
ment of directional sensors housed in the mud pulser 10. The
main housing 1 is smaller in diameter than the drill pipe 19 so
asto create an annulus 20 though which drilling mud can flow.
An orifice collar 18 is provided in the drill pipe 19, below the
fins 21, for creating an orifice or restriction 28 in the flow of
the drilling mud in the pipe. As indicated by the arrows in F1G.
1, drilling mud can therefore flow along the annulus 20, past
the fins 21, and through the orifice 28 to exit the drill pipe 19
and return, following the arrows shown, via an annulus
between the drill pipe 19 and the walls of the bore hole (not
shown).

A main piston 13 is provided within a chamber 12. The
piston 13 divides the chamber 12 into an upper chamber 154
and a lower chamber 1556. The piston 13 is acted upon by a
compression spring 11 located between an upper face 32 of
the piston 13 and a top wall of the chamber 12 so that the
piston 13 is biased to move downwards towards the orifice 28
in the drill pipe 19. A hollow cylinder 30 extends from a lower
face 34 of the piston 13 and out of the lower chamber 155
towards the orifice 28, so that when the main housing 1 is
located by the fins 21 in the drill pipe 19, the open end of the
hollow cylinder 30 acts as a valve tip 22 that can be moved
into the flow of mud through the orifice 28 to create a pressure
increase in the mud in the annulus 20. As discussed in further
detail below, the combination of the hollow cylinder 30 and
the orifice 28 acts as a main restrictor valve responsible for
generating the pressure pulses in the mud that are used to
communicate with the surface.

The hollow cylinder 30 communicates with the upper
chamber 154a via a control port 14 provided in the main piston
13. At the same time, a port 16 in the main housing 1 allows
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drilling mud to enter the lower chamber 156 underneath the
lower face 34 of the piston 13.

A pilot valve chamber 23 is provided in the housing 1, and
fluid communication with the upper chamber 15a is regulated
by means of a pilot valve 8 in the top of an end wall of the
upper chamber 15q. In the depicted embodiment, the pilot
valve 8 is in the form of a linearly reciprocating “poppet and
orifice” type valve, although a rotary valve could alternatively
be used. The pilot valve 8 in the form shown includes a shaft
6 having a disc 35 at one end, that is movable such that the disc
35 steps a valve seat/orifice 9, thus, preventing mud flow
through the pilot valve 8 from chamber 23 to chamber 154 or
vice versa. The pilot valve 8 is linearly reciprocated by a
motor assembly 5, Sa discussed in more detail below. Mud
from the drill pipe 19 enters the pilot valve chamber 23 via
ports 17.

When the pilot valve 8 is open, mud may flow from the pilot
valve chamber 23 into the upper chamber 15a through the
valve seat/orifice 9. By “open”, it is meant that there is a gap
present between the disc 35 on the end of the shaft 6 and the
valve seat/orifice 9 through which at least some of the mud
may flow. The disc may partially, but not entirely, step the
valve seat/orifice 9 such that the flow of the mud can be
restricted, but not stopped. Accordingly, “open” includes both
partially open, in which the flow of the mud is restricted but
not stopped, and completely open, in which the mud flows
unrestricted by the pilot valve 8 or the disc through the valve
seat/orifice 9. “Closed” includes the state in which the disc 35
at the end of the shaft 6 is inserted into the valve seat/orifice
9 as far as possible, or such that the flow of the mud is stopped.

The ports 16, 17, as well as the valve seat/orifice 9, can be
made too large to be steped by lost-circulation material
(“LCM”) and other particulates in the drilling mud, and may
also be angled to discourage such matter from accumulating.

The motor assembly 5, 54 is contained in a motor cavity 2.
The motor assembly 5, 5a may include a BLDC motor 5 and
a rotary-to-linear motion converter 5a such as a threaded
ball-and-screw device that converts the rotational output of
the BLDC motor 5 into the reciprocating linear movement of
the shaft 6. As noted above, other types of DC motors may be
used. The shaft 6 is coupled to the motor assembly 5, 5a
through a sliding seal 7 located in the wall of the motor cavity
2 50 as to prevent the motor cavity 2 from being contaminated
with the drilling mud. The motor cavity 2 may contain clean
fluid, e.g., oil. A membrane 3 in the main housing 1 commu-
nicates with a port 4 in the motor cavity 2 wall so that the
motor cavity 2 is pressure balanced with the annulus 20. In an
alternative embodiment (not depicted), the membrane 3 can
be replaced with a suitable bellows or a sliding piston. Motor
control circuitry 300 (a part of which commutates the motor
5 by energizing and de-energizing stator windings of the
motor 5) is contained in a pressure shielded compartment (not
shown) and drives the BLDC motor 5 by commutating the
motor windings A, B, and C as will be discussed with refer-
ence to FIG. 3. The BLDC motor 5 and associated pilot valve
8 may be driven to encode data for transmission to the surface
via mud pulse telemetry.

Among the connections between the motor control cir-
cuitry 300 and the motor assembly 5, 5a are feed through
wires 24 that electrically couple the BLDC motor 5 to the
motor control circuitry 300. The feed through wires 24 pass
through a pressure barrier 26 that delineates the pressure
shielded compartment. Each of the feed through wires 24 are
electrically coupled to one of the stator windings ofthe BLDC
motor 5 to allow the motor control circuitry 300 to power the
BLDC motor 5. As used herein, “commutation” refers to
sending electrical signals to the BLDC motor 5 and in par-
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ticular energizing and de-energizing in sequence motor stator
windings A, B, and C such that the rotor of the BLDC motor
5 is torqued about its axis of rotation.

Advantageously, in one embodiment, the method that mea-
sures the overall voltage and the overall current supplied to
the motor does not need any commutation information, which
is the case for the traditional methods. As further explained
below, the motor control 300 further provides a determination
of'the pilot valve 8 position (which varies in a known propor-
tional relationship to the motor angular rotation), which is
useful for effective mud-pulse modulation.

With continued reference to FIG. 1, compression spring 11
acting on the piston 13 biases the piston 13 to move in the
downwards direction towards the orifice 28. The port 16
maintains the pressure in the lower chamber 155 at the same
pressure as exists inside annulus 20, and this pressure exerts
anupwards force on the lower face 34 of the piston 13 against
the compression spring 11.

The pressure in the upper chamber 154, providing the pilot
valve 8 is closed, equalizes with the lower pressure below the
orifice collar 18 via the control port 14 and hollow cylinder
30. The action of the spring 11 and the pressure in the upper
chamber 15a are relatively weak and the piston 13 will rise
due to the pressure in the lower chamber 155. The restriction
at the orifice collar 18 is thus exposed and the pressure at the
orifice reduces until an equilibrium is reached.

When the pilot valve 8 is opened, however, mud flow enters
the upper chamber 15aq raising the pressure on the upper face
32 of the piston 13. The piston 13 moves downwards, moving
the valve tip 22 towards the orifice collar 18 and, by restricting
the flow of the drilling mud through the orifice 28, increases
the pressure in the drill pipe 19 and annulus 20. The piston 13
continues to move downward until the pressure in the upper
chamber 15a combined with the spring force is balanced by
the pressure acting on piston 13 lower face 34, which is
exposed to the fluid in the lower chamber 1556. This feature
provides a negative feedback and results in stable, propor-
tional control. This downwards balanced position of the pis-
ton 13 corresponds to the mud pulser 10°s on-pulse state in a
binary signaling system.

When the pilot valve 8 is closed, the flow of mud into the
upper chamber 15a is stopped. The pressure in the upper
chamber 154 then equalizes with that at the valve tip 22. The
pressure at the valve tip 22 is lower than the pressure in the
narrower annulus 20, so that the pressure in the lower cham-
ber 155 once again becomes higher than the pressure in the
upper chamber 15a. The piston 13 then gradually moves
upwards against the action of the compression spring 11 until
it adopts its initial or off-pulse position.

The position of the piston 13 when it has moved fully
downwards to its on-pulse position will depend on the char-
acteristics of the spring 11 and on the ratio of the hydraulic
impedances of the control port 14, which allows mud flow
between the upper chamber 15a and the hollow cylinder 30,
and through the pilot valve 8, which allows mud flow between
the pilot valve chamber 23 and the upper chamber 15a.

The amount of pressure modulation that can be achieved is
dependent on the hydraulic impedances of the control port 14
and the pilot valve 8. If either of these becomes stepped, the
piston 13 will not operate correctly and the telemetry pro-
vided by the device will fail.

Referring now to FIG. 2(a), FIG. 2(a) shows graphs of the
various outputs of Hall effect sensors as measured over one
full (360°) mechanical revolution of the rotor of multipole
BLDC motor 5 installed in the mud pulser 10. FIG. 2(a)
further shows the back emf signals generated during the
BLDC motor 5’s operation and the phase current supplied to
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the BLDC motor 5 from the motor control circuitry 300
during motor commutation. The BLDC motor 5 whose char-
acteristics are depicted in FIG. 2(a) has two pairs of poles on
its rotor and consequently, every 30° of mechanical rotation
corresponds to 60° of an electrical cycle.

The BLDC motor 5 in the present exemplary embodiment
has three stator windings: A, B, and C. As shown in FIG. 2(a),
the three stator windings are electrically coupled such that the
generated back emf signals are trapezoidal. In alternative
embodiments (not depicted), the BLDC motor 5 may have
more than three stator windings, and they may be electrically
coupled to generate back emf signals of different waveforms
(e.g., sinusoidal).

The upper part of FIG. 2(a) shows the output of three Hall
effect sensors mounted in the BLDC motor 5. One sensor is
mounted adjacent to each of the stator windings. Every 30° of
mechanical rotation, which as mentioned above corresponds
to 60° of an electrical cycle, the output of one of the Hall effect
sensors Hall A, Hall B, and Hall C changes from high to low
or vice-versa. Every 180° of a mechanical rotation, the out-
puts of the Hall effect sensors repeat. As the Hall effect sensor
outputs change every 30° of mechanical rotation, the BLDC
motor 5 can be commutated by recognizing six different
electrical sequences that are used during commutation: 1
through 6, as noted in FIG. 2(a). The current that passes
through the stator windings when the motor is commutated is
depicted in the “Phase Current” graphs of FIG. 2(a).

When commutating the DC motor using readings from
Hall effect sensors Hall A, Hall B, and Hall C as feedback, the
motor control circuitry 300 detects the electrical sequence for
the motor based on the readings of the Hall effect sensors, and
governs (commutates) the motor by sequentially applying a
battery voltage across the different stator windings A, B, or C
of the motor, depending on whether clockwise or counter-
clockwise rotation is desired.

In order to determine the angular rotation of the rotor for
the purpose of driving the pilot valve 8, the motor control
circuitry 300 is configured to not use rotor position indica-
tions from any of Hall effect sensors Hall A, Hall B, or Hall C
to make such determination. Instead, according to an embodi-
ment, the motor control circuitry 300 determines a current
angular rotation 6 of the rotor, using one of the methods
schematically depicted in later figures.

As shown in FIG. 2(a), the back emf voltage on the graph
labelled “A+/B-"" can be determined by measuring it across
winding A; the back emf voltage on the graph labelled “B+/
C-"can be determined by measuring it across winding B; and
the back emf voltage on the graph labelled “C+/A-"" can be
determined by measuring it across winding C.

Alternatively, the back emf voltage may be calculated from
current values for current supplied to individual stator wind-
ings A, B, and/or C, using, for example, the method shown in
FIG. 6 herein, and as further described herein. However, the
methods described in this paragraph and in the paragraph
above require commutation information in order to make the
measurements.

According to an exemplary embodiment, there is a method
that does not require the commutation information and in this
method the overall current (I) supplied to the motor is mea-
sured and then multiplied with an average resistance (R) of
the windings. This product is subtracted from an overall mea-
sured voltage supplied to the motor. The result is then multi-
plied by a constant k and the rotor angular rotation may be
determined by time integrating this result.

As shown in the graph of “back EMF” signals within FIG.
2(a), each of the Hall effect sensor output transitions corre-
sponds to a phase transition in one of the back emf signals.
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This phase transition is also known as a “zero crossing”. In an
embodiment as discussed below, and as depicted in FIG. 10,
by determining and counting these back emf voltage phase
transitions, the motor control circuitry 300 is able to deter-
mine the number of rotations (or more specifically fractions
of rotations) of motor 5 without relying on readings from the
Hall Effect sensors.

As mentioned above, the exemplary BLDC motor 5 whose
characteristics are depicted in FIG. 2(a) has two pairs of poles
on its rotor. In alternative embodiments, BLDC motors hav-
ing more or fewer pairs of poles on its rotor can be used and
the graphs shown in FIG. 2(a) will accordingly change. For
example, the graphs of FIG. 2(b) depict characteristics of an
exemplary BLDC motor that has a single pair of poles on its
rotor. As in FIG. 2(a), the output of Hall effect sensors are
contrasted with the back emf signals measured across stator
windings A, B and C. In contrast to the motor of FIG. 2(a), 60°
of mechanical rotation corresponds to 60° of an electrical
cycle. Additionally, in the motor of FIG. 2(5) the phase tran-
sitions/zero crossings in the back emf signals are offset 30°
from the corresponding edges in the signals from the Hall
effect sensors. The motor control circuitry 300 can be con-
figured to compensate for this 30° offset, and for any similar
offset that may exist in BLDC motors of alternative embodi-
ments, such that the back emf signals can still be used to
efficiently and properly determine rotor angular rotation. In
further alternative embodiments (not depicted), BLDC
motors having any suitable number of stator or rotor poles can
be used.

Referring now to FIG. 3, there is shown a diagram of the
motor control circuitry 300 used to commutate the motor 5,
having Hall effect sensors Hall A, Hall B, and Hall C, posi-
tioned about the periphery of a rotor 55 of the motor 5. The
Hall effect sensors may be placed on a stator 5¢ that is located
around the rotor 56. The motor control circuitry 300 includes
a microcontroller 302 which, in the depicted embodiment, is
a Microchip™ PIC18F2431 microcontroller manufactured
by Microchip Technology Inc. of Chandler, Ariz., USA. In
alternative embodiments (not depicted), any suitable control-
ler, such as a processor, microcontroller, programmable logic
controller, field programmable gate array, can be used, or the
functionality of the microcontroller 302 may be implemented
using, for example, an application-specific integrated circuit.
The microcontroller 302 includes a computer readable
medium 322, such as flash memory, that stores instructions
regarding how to commutate the motor. The microcontroller
302 controls commutation of the BLDC motor 5 by using, for
example, pulse width modulation on outputs PWMJO0 . .. 5],
which are amplified using, for example, a field effect transis-
tor (FET) driver 304. The active PWM][O0 . . . 5] outputs for
clockwise motor rotation are different from counter-clock-
wise motor rotation as would be recognized by those skilled
in the art.

The IGBT driver 304 outputs the amplified PWM[O0 . . . 5]
outputs to a series of switched gates Q0 . . . Q5, which when
actuated by IGBT driver 304 via the feed through wires 24 in
the sequence shown in FIG. 4, allow one of the windings A, B,
or C, as the case may be, to be energized, and another to be
de-energized. As seen from FIG. 3, battery 350 supplies, for
example, 24V DC power for use in operating the micropro-
cessor 302 and IGBT driver 304, and commutating the motor
5. Other configurations for the motor control circuitry 300
may be implemented.

Next, a method for commutating the BLDC motor 5, using
Hall sensors Hall A, Hall B, and Hall C, in either a counter-
clockwise or a clockwise rotation is discussed with reference
to FIG. 5. Commencing at step 500, clockwise and counter-
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clockwise commutation arrays are initialized. In step 501, a
check is performed prior to commutating the motor. In steps
502, 503, and 504 respective sensed values from each of Hall
sensors are read into a variable “hval”, which allows a deter-
mination to be made as to where the rotor position is in the
sequence 1-6. If motor commutation is desired to be clock-
wise (step 505—determined by microprocessor 302), the val-
ues read into “hval” are used as a pointer (step 507) to deter-
mine where in the clockwise sequence of energization
positions 1-6 the rotor is located, so that the clockwise com-
mutation sequence may start (step 508) at the desired energi-
zation sequence 1-6 (ref. FIG. 4). Alternatively, if motor
commutation is desired to be counter-clockwise, the values
read into “hval” are used as a pointer (step 506) to determine
where in the counter-clockwise sequence of energization
positions 1-6 the rotor is located, so that the counter-clock-
wise commutation sequence may start (step 509) at the
desired energization sequence 1-6 (ref. FIG. 4).

Turning now to methods for determining an angular posi-
tion of the rotor of the motor, and a corresponding linear
position of a valve, a variety of approaches may be used to
determine back emf signals of the stator windings A, B, and
C, and count the number of phase transitions which occur
over a period of motor rotation. These approaches include but
are not limited to (i) comparing the voltage of each of the feed
through wires 24 to halfthe DC voltage (12.5V in the depicted
embodiment) used to drive the BLDC motor 5; (ii) comparing
the voltage of each of the feed through wires 24 to a virtual
ground signal; or (iii) simply sampling the voltage of each of
the feed through wires 24 and inputting that value directly
into the microcontroller 302 for digitization and use. In the
first two approaches, the result of the comparison is a square
wave in which the wave is high when the back emf voltage is
greater than zero and low when the back emf voltage is less
than zero. Consequently, the microcontroller 302 can rely on
edge detection to determine where the phase transitions of the
back emf signals occur. In the third approach, a digitized
version of the entire trapezoidal back emf signal may be input
to the microcontroller 302. To determine when the phase
transitions occur, the microcontroller 302 compares the digi-
tized back emf signal to a reference zero point. As mentioned
above, in alternative embodiments (not depicted) the micro-
controller 302 may consider more or different information
than zero crossings. For example, the microcontroller 302
may additionally or alternatively utilize the entire waveform
of'the back emf signals to determine any one or more of their
rate of change; maximum and minimum values; and overall
shape in order to determine the number and when such phase
transitions occur.

Another manner of determining back emf voltages for use
not in commutating the motor 5 but for determining the cur-
rent angular rotation 6 of the motor 5, may be accomplished
by calculating such values from sensed current values, and
knowing the resistance of each of the stator windings. Such
method, as discussed further herein, involves sensing one of
the current values 1A, IB, and IC supplied to the stator wind-
ings A, B, and C, respectively, and then calculating, in the
microprocessor 302 (or another microprocessor, not shown),
the back emf by applying Ohm’s law:

back emf=7,

across battery™

R

(Iwinding a, b, or ¢ Pwinding a, b, or c)'k,

where:
V is the voltage across the battery supplied to the motor;
1is the current supplied to the stator windings A, B, or C;
R is the electrical resistance of the stator windings A, B,
or C; and
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kis a proportionality constant which when multiplied by
the product of (V-I'R) produces back emf voltage of
the motor.

The above formula is based on the principle that for a DC
motor, the back emf'is proportional to the rotor speed, related
by some known constant k. Such a constant may be deter-
mined by measuring the rotor speed when the motor runs
unloaded on a known supply voltage. The winding resistance
may be measured with the motor stalled. The back emf is
measurable by measuring the supply voltage and subtracting
the current times the winding resistance. The rotation of the
rotor is then equal to the time-integral of the speed. The
current term ensures that a heavily loaded motor, which
would turn more slowly, is correctly monitored. An enhance-
ment to the algorithm is to correct the known resistance for
the effect of temperature, which rises linearly with the tem-
perature.

According to an embodiment illustrated in FIG. 6, a
method for determining the angular rotation “d” of the motor
5 is now discussed. The motor circuitry 300 controls the
motor 5, and in particular how to avoid overdriving the pilot
valve 8 of the mud pulser 10 past the fully open or fully closed
position and thereby wasting limited power of the battery
350.

Commencing at step 600, values of a current motor rotation
0 for an incremental time period At, and a total value “d” of
the motor rotation over a given time period when the pilot
valve 8 is in the fully open or fully closed position, are
initially set to zero. Thereafter, at step 601, the motor drive
circuitry 300 is used to commutate the motor 5 in a clockwise
manner if the pilot valve 8 is being closed, or in a counter-
clockwise manner if the pilot valve 8 is being moved from the
open to the closed position. Thereafter, at step 603, a deter-
mination is made if there is any motor drive fault, by deter-
mining if there is any change in the values sensed by the Hall
effect sensors. If no change (the motor is unable to move) is
present, a motor fault is indicated, and the sequence stops
(step 617). Otherwise, at step 605, the microprocessor
acquires (reads) voltage V from battery 350, and reads current
1A, IB, or IC as applicable of the stator windings.

Thereafter, at step 607, using the relationship that the
motor speed is related to back emf by a predetermined pro-
portionality constant “k”, a speed “S” of the rotor of the motor
5 is determined by the microprocessor by applying the for-
mula:

speed=(V-I-R) k.

Step 609 determines if the speed is negative (if so, it goes
directly to step 613). If not, the current angular rotation 0 is
determined in step 611 by a numerical integration approxi-
mation method, namely multiplying the calculated speed by a
value of an incremental small time period At, and adding the
obtained value 6 to total angular rotation “d”. Thereafter, at
step 613, a determination is made if the total angular motor
rotation “d” exceeds a predefined limit, namely the number of
motor rotations required to drive the valve pilot 8 from a fully
open to a fully closed position, or vice versa, and if so further
rotation is ceased (step 617).

In another embodiment, before returning to step 601 and
commencing further motor rotation if the predetermined limit
is not reached, at step 615 a first check is made to determine
if the motor is drawing current in excess of a predetermined
amount. If so, further motor rotation in that direction ceases.
FIG. 6 shows an exemplary value of 4 A for the current limit.
However, other values may be used depending on the motor
and other conditions.
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FIG. 7 shows an alternative method of determining the total
angular rotation “d” of motor 5 of a mud pulser 10, and using
such determined value to control the mud pulser’s operation
and in particular the extent of travel of the pilot valve 8.

Inthe method illustrated in FIG. 7, initial consecutive steps
700, 701, and 703 correspond to initial steps 600, 601, and
603 of FIG. 6, and thus, they will not be again repeated.

As shown in step 704 of FIG. 7, the motor control circuitry
300 may continually sense (instead of calculating), in any of
the manners indicated above, the back emf of the motor. In
one embodiment, the motor control circuitry 300 senses the
back emf voltage from one of the three stator windings which
is not energized at the given sampling time. Thereafter, as
shown in step 705, the motor control circuitry 300 is config-
ured to multiply the measured emf values by a constant k to
produce the speed of the rotor, and to thereafter continuously
integrate, between phase transitions in the sensed back emf,
the speed over time to produce the current angular rotation 6.
Such determined amount 8 is summed with any earlier inte-
gration, to thereby calculate the total amount of angular rota-
tion “d” of the rotor. Thereafter, the steps 713, 714, and 715 of
FIG. 7, are identical to steps 613, 615, and 617 of FIG. 6.

FIG. 8 shows yet a further alternative method of determin-
ing the total angular rotation “d” of a motor 5 of a mud pulser
10, and using such determined value to control the mud puls-
er’s operation and in particular the extent of travel of a pilot
valve 8.

Again, in the method of FIG. 8, initial consecutive steps
800, 801, and 803 correspond to initial steps 600, 601, and
603 of FIG. 6, and will not be again repeated.

At step 805, an overall voltage V supplied to the motor 5 is
monitored, as is the overall current I supplied to motor. At step
807, using such values, the motor control circuitry 300, via
microprocessor means 302 or other microprocessor, calcu-
lates (e.g., continuously) the speed by applying the formula

Speed=(V-I-R)-k

to the monitored values of V, 1, and using the known average
stator winding resistance R, and a known proportionality
constant k. In an alternative embodiment, a step 809 may be
inserted to check that the resultant speed is not a negative
value. If the speed is negative, the process advances to step
813.

Thereafter, at step 811, assuming no negative speed value
obtained, the resultant value of speed may be integrated over
time to produce a value for the total angular rotation “d” of the
rotor over such time interval. Remaining steps 813 and 815
are similar to steps 713 and 715 of FIG. 7 and thus, not
described herein.

Microprocessors which continually or not integrate values
are well known to those skilled in the art. For example, one
manner of continually integrating an obtained value of speed,
as calculated in step 705 of FIG. 7, and in step 811 of FIG. 8,
at least in an analog circuit, is to employ an operational
amplifier.

FIG. 9 shows an operational amplifier 555 which may be
used in an analog method for integrating the numerical prod-
uct of k-[V—(I'R)], as in the method depicted in FIG. 7, step
705, and in the method depicted in FIG. 8, step 811.

Other means and methods of continually integrating,
through digital means or other numerical integration means, a
sensed/calculated value (in this case, the value of the speed
over a given time period), is now apparent to those skilled in
the art.

Referring now to FIG. 10, there is shown another method
for operating a mud pulser 10. This method may be stored in
the computer readable medium 322 of the microcontroller
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302 or other microprocessor (not shown), or on any other
suitable computer readable medium, including disc-based
media such as CD-ROMs and DVDs, magnetic media such as
hard drives and other forms of magnetic disk storage, semi-
conductor based media such as flash media, random access
memory, and read only memory.

Pursuant to the method shown in FIG. 10, the microcon-
troller begins at step 1000 and proceeds to step 1001 to
commutate the BLDC motor 5 by energizing and de-energiz-
ing stator windings A, B, and C in the manner described
above. The commutation causes the rotor of the motor to
rotate in a clockwise or counter-clockwise direction, typically
(but not necessarily) from a position where the pilot valve 8 is
in a fully open position, in which case the motor rotation is
clockwise to cause the pilot valve 8 to move toward the closed
position, or if in the fully closed position, the rotor rotates
counter-clockwise to move the pilot valve 8 toward the fully
open position. Steps 1001 and 1003 are similar to steps 701
and 703 of the method illustrated in FIG. 7, and thus, these
steps are not discussed herein.

Once the BLDC motor 5 is operating and is generating the
back emf signals, the motor control circuitry 300 is able to
measure the back emf signals at step 1006 and identify and
keep a count of the phase transitions that occur in the back emf
signals at step 1008. Once the phase transitions are counted
over a given period of time during which the motor has
rotated, the total angular rotation “d” of the motor 5 can then
be determined in step 1010. Due to the relationship between
the angular rotation of the motor shaft and the linear move-
ment of the pilot valve 8 (created by the rotary-to-linear
converter 5a), the extent of movement of the pilot valve 8 for
a given angular rotation of the motor can be determined, and
a limit in the angular rotation of the motor thereby can be
determined to avoid unnecessary overdriving of the pilot
valve 8 in the fully open or fully closed position.

Decision step 1013 in FIG. 10 thus causes the motor con-
trol circuitry 300, after driving the motor 5, to determine
whether the limit in the angular rotation of the motor has
reached a pre-defined limit. If yes, the motor is ceased to be
driven in step 1015. If no, in an optional embodiment, a
further query (step 1014) is made as to whether the motor
current is greater than a predefined limit (to prevent overdriv-
ing the motor). If yes, the driving of the motor then ceases
(step 1015). If no, driving of the motor continues with a return
to step 1001.

As discussed above, the microcontroller contained in
motor control circuitry 300 is able to cause the BLDC motor
5 to rotate in clockwise or counter-clockwise directions. In
the present embodiment, this motion of the motor 5 may be
used to transmit “0” and “1” signals as discussed next. In this
binary signaling scheme, a high pressure or “1” signal can be
sent by completely opening the pilot valve 8, e.g., by rotating
the BLDC motor 5 counter-clockwise to cause the pilot valve
8 to retract from the valve seat/orifice 9 such that the pilot
valve 8 does not impede mud flow through the valve orifice 9.
Similarly, a low pressure or “0” signal can be sent by closing
the pilot valve 8, e.g., by rotating the BLDC motor 5 clock-
wise to cause the tip of the pilot valve 8 to step the valve
seat/orifice 9, which prevents mud from flowing through the
valve orifice 9.

Through calibration prior to downhole deployment, the
microcontroller 302 can be programmed with the total num-
ber of motor rotations (including fractional portions or incre-
ments thereof) used to transition the pilot valve 8 from the
completely closed position (i.e., when the pilot valve 8 is
inserted as far as possible into the valve seat 9) to the com-
pletely opened position (i.e., when the pilot valve 8 is
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retracted as far as possible from the valve seat 9). By deter-
mining the number of phase transitions and thus the current
angular rotation 6 the BLDC motor 5 has undergone relative
to either the completely opened or the completely closed
positions, the microcontroller 302 is able to determine where
the tip of the pilot valve 8 is between the completely opened
and completely closed positions. Consequently, the micro-
controller 302 is able to vary the flow rate of the mud through
the pilot valve 8. In this way, the microcontroller 302 can
control the height of the pressure pulses that the mud pulser
10 transmits, and send messages encoded using non-binary
modulation schemes, such as quadrature amplitude modula-
tion.

A method for controlling an electric motor is now dis-
cussed with reference to FIG. 11. The method includes a step
1100 of commutating the electric motor based on signals
from one or more sensors attached to a stator of the electric
motor; and a step 1102 of determining with a motor control
circuitry, electrically connected to the electric motor, a total
angular rotation of a rotor of the electric motor, based on a
back emf voltage of one or more windings of the stator and
independent of the signals from the one or more sensors.

One or more of the exemplary embodiments discussed
above provide an electric motor and a corresponding control-
ler for commutating the motor based on sensor measurements
and for determining a rotational position based on a sensor-
less approach. It should be understood that this description is
not intended to limit the invention. On the contrary, the exem-
plary embodiments are intended to cover alternatives, modi-
fications and equivalents, which are included in the spirit and
scope of the invention as defined by the appended claims.
Further, in the detailed description of the exemplary embodi-
ments, numerous specific details are set forth in order to
provide a comprehensive understanding of the claimed inven-
tion. However, one skilled in the art would understand that
various embodiments may be practiced without such specific
details.

Although the features and elements of the present exem-
plary embodiments are described in the embodiments in par-
ticular combinations, each feature or element can be used
alone without the other features and elements of the embodi-
ments or in various combinations with or without other fea-
tures and elements disclosed herein.

This written description uses examples of the subject mat-
ter disclosed to enable any person skilled in the art to practice
the same, including making and using any devices or systems
and performing any incorporated methods. The patentable
scope of the subject matter is defined by the claims, and may
include other examples that occur to those skilled in the art.
Such other examples are intended to be within the scope of the
claims.

The invention claimed is:

1. An electric motor assembly that uses sensors for com-
mutation and back electro-magnetic force (emf) voltage to
determine an angular position, the electric motor assembly
comprising:

an electric motor having a rotor and a stator that includes

one or more windings;

one or more sensors on the stator and configured to deter-

mine an angular position of the rotor; and

a motor control circuitry electrically connected to the elec-

tric motor and to the one or more sensors and configured
to control a commutation of the electric motor based on
signals received from the one or more sensors,

a valve member attached to the rotor of the electric motor;

wherein the motor control circuitry is configured to calcu-

late the back emf voltage from values of an overall
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current supplied to the electric motor, an overall voltage
supplied to the electric motor and an average resistance
of'the one or more windings;

wherein the motor control circuitry is further configured to

calculate a total angular rotation of the rotor using the
back emf voltage by integrating over a period of time a
product of the back emf voltage and a proportionality
constant k, to produce a value of the total angular rota-
tion of the rotor over the period of time of the one or
more windings;

wherein the motor control circuitry is further configured to

control the electric motor based on the back emf voltage
and not based on the signals from the one or more sen-
sors; and

wherein the motor control circuitry is further configured to

track a position of a pilot valve by counting a number of
phase transitions relative to the completely closed posi-
tion or the completely opened position of the pilot valve,
and to convert the number of phase transitions to the total
angular rotation of the rotor of the electric motor; and

wherein the motor control circuitry is configured to store a

pre-defined angular rotation limit corresponding to an
amount of the angular rotation of the rotor of the electric
motor that cause the valve member to move from a first
fully open position to a second fully closed position, or
vice versa.

2. The electric motor assembly of claim 1, wherein the one
Of more sensors is a sensor.

3. The electric motor assembly of claim 1, wherein the
motor control circuitry is further configured to stop the elec-
tric motor from further rotating the rotor upon the total angu-
lar rotation of the rotor reaching the pre-defined angular rota-
tion limit.

4. The electric motor assembly of claim 1, wherein the back
emf voltage is a calculated value, determined based on a
formula back emf=(V-1-R)k, where V is the overall voltage
supplied to the electric motor, I is the overall current supplied
to the electric motor, R is the average resistance of the one or
more windings, and k is the proportionality constant.

5. The electric motor assembly of claim 1, wherein the
electric motor is a brushless direct current motor.

6. A mud pulser configured to transmit data from inside of
a well to a surface of the well through pressure waves gener-
ated in a fluid column that flows inside the well, the mud
pulser comprising:

a housing configured to be supported by a wall of the well;

an electric motor located in a motor cavity of the housing

and having a rotor and a stator that includes one or more
windings;

one or more sensors on the stator and configured to deter-

mine an angular position of the rotor;

apilot valve connected to the electric motor and configured

to move in a pilot valve chamber for closing and opening
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avalve orifice for generating pressure signals that propa-
gate through the fluid column to the surface; and

a motor control circuitry electrically connected to the elec-
tric motor and the one or more sensors, and configured to
control a commutation of the electric motor based on
signals received from the one or more sensors;

wherein the motor control circuitry is configured to calcu-
late a back electro-magnetic force (emf) voltage from
values of an overall current supplied to the electric
motor, an overall voltage supplied to the electric motor
and an average resistance of the one or more windings;

wherein the motor control circuitry is further configured to
calculate a total angular rotation of the rotor using the
back emf voltage by integrating over a period of time a
product of the back emf voltage and a proportionality
constant k, to produce a value of the total angular rota-
tion of the rotor over the period of time of the one or
more windings;

wherein the motor control circuitry is further configured to
control the electric motor based on the back emf voltage
and not based on the signals from the one or more sen-
sors; and

wherein the motor control circuitry is further configured to
track a position of the pilot valve by counting a number
of phase transitions relative to the completely closed
position or the completely opened position of the pilot
valve, and to convert the number of phase transitions to
the total angular rotation of the rotor of the electric
motor;

wherein the motor control circuitry is configured to store a
pre-defined angular rotation limit corresponding to an
amount of angular rotation of the rotor of the electric
motor that cause the pilot valve to move from a first fully
open position to a second fully closed position, or vice
versa.

7. The mud pulser of claim 6, further comprising:

a rotary-to-linear converter mechanically coupled between
the electric motor and the pilot valve to enable linear
reciprocation of the pilot valve when the rotor rotates,

wherein the one or more sensors is a Halt sensor.

8. The mud pulser of claim 6, wherein the motor control
circuitry is further configured to stop the electric motor from
further rotating the rotor upon the total angular rotation of the
rotor reaching the pre-defined angular rotation limit.

9. The mud pulser of claim 6, wherein the back emf voltage
is a calculated value, determined based on a formula back
emf=(V-I'-R)-k, where V is the overall voltage supplied to the
electric motor, I is the overall current supplied to the electric
motor, R is the average resistance of the one or more wind-
ings, and k is the proportionality constant.

10. The mud pulser of claim 6, wherein the electric motor
is a brushless direct current motor.

#* #* #* #* #*



